We report vibrationally-resolved spectra of the S1  S0 transition of chlorobenzene using resonance-enhanced multiphoton ionization (REMPI) spectroscopy. We study chlorobenzene-h5 as well as its perdeuterated isotopologue, chlorobenzene-d5. Changes in the form of the vibrational modes between the isotopologues and also between the S0 and S1 electronic states are discussed for each species. Vibrational bands are assigned utilizing quantum chemical calculations, previous experimental results and isotopic shifts, including those between the 35 Cl and 37 Cl isotopologues. Previous work and assignments of the S1 spectra are discussed. Additionally, the vibrations in the ground state cation, D0 + , are considered, since these have also been used by previous workers in assigning the excited neutral state spectra.
I. INTRODUCTION
Monosubstituted benzene molecules are of great interest spectroscopically, as they are the simplest deviation from the parent benzene molecule; but also a number of them provide links to the building blocks of biological molecules. The simplest types of monosubstituted benzenes are the monohalobenzenes. In the following, we shall abbreviate the titular molecule, chlorobenzene, as ClBz; in addition, we shall indicate the isotopologue with a presuperscript, 35 or 37, and/or a suffix -h5 or -d5 as appropriate, so that 37 ClBz-d5 represents the 37 Cl isotopologue of the perdeuterated chlorobenzene molecule, for example. We shall also frequently refer to fluorobenzene, which will be denoted FBz.
It is well known that intense, non-totally-symmetric fundamentals are seen in electronic spectra of the S1  S0 transition for substituted benzenes. (These modes are specifically of b2 symmetry for monosubstituted benzenes, where we are locating the planar molecule in the yz plane.) The appearance of these bands arises from Herzberg- vibrations, and so these appear in the spectrum.
A. Neutral ClBz-h5
There has been a significant number of studies performed on the ClBz-h5 molecule, making it one of the most-studied monosubstituted benzenes. Ground state vibrational wavenumbers of ClBz-h5 have been obtained from infrared (IR) and Raman studies and summarized by
Whiffen. 2 Early studies of the S1 ← S0 transition were reported by Purvis, 3 while Sponer and
Wollman 4 recorded the first vibrationally-resolved UV absorption spectra of ClBz-h5 at different temperatures in 1941. Subsequently, a higher-resolution study by Cvitaš and Hollas 5 was reported in 1970, where the spectra were partially rotationally-resolved, with the measured origin position at 37048.2 ± 0.2 cm -1 . Perhaps the most comprehensive study of this transition was undertaken by Jain, Bist and coworkers 6, 7, 8 who assigned the majority of the normal modes in the ground and first electronically-excited states, reporting them in a series of publications divided into: planar vibrations of the S1 state; 6 planar vibrations of the S0 state; 7 and out-of-plane vibrations of the ground and excited states. 8 The assignment of the vibrations in the S0 state has been discussed by our group in ref. 9 .
Over the last 30 years, a number of groups have conducted resonance-enhanced multiphoton ionization (REMPI) spectroscopic studies on the ClBz-h5 molecule under cold jet conditions and have provided assignments of the vibrational structure in the S1 state. 10, 11, 12 It is noted that the experiments of Murakami et al. 10 are two-photon excitation, followed by ionization, while the experiments by Anderson et al. 11 and Walter et al. 12 are one-photon excitation followed by ionization. The Ortiz group 13 have also employed high-resolution, one-photon excitation REMPI spectroscopy in a supersonic beam, to obtain photoionization spectra of the origin band of the S1 state of the 35 ClBz-h5 and 37 ClBz-h5 molecules at a rotational temperature of 1 K; this allowed them to determine the shift of the origin band between the 35/37 Cl isotopologues. They report a shift of 0.14 ± 0.02 cm -1 , which is within the resolution of the present work, and hence we do not expect to be able to discern this; however, shifts of vibrational bands can be larger, and this will be commented on later. To our knowledge, Imhof and Kleinermanns are the only group to date to have reported a laser-induced fluorescence spectrum of ClBz, also dispersing the fluorescence from several S1 vibrational states. 14 Other workers have reported a lack of success in obtaining fluorescence spectra of
The alternative Varsányi notation 20 is also of limited use because of its arbitrary division of the substituents into heavy or light groups, which leads to the same vibrational mode being represented by different labels in even quite similar molecules. This aspect is particularly relevant here, as F was considered a "light" substituent and Cl was considered a "heavy" substituent; thus, a number of vibrations are given different labels in FBz and ClBz, despite the fact that, as we showed in ref. 9 , the atomic motions of the vibrations in the two molecules are very similar. An additional point of confusion is that the Varsányi notation uses the Wilson-type labels for often very different vibrational motion.
The alternative Mulliken 31 notation (sometimes referred to as Herzberg notation 32 ) is based upon the numbering of the vibrations in order of decreasing wavenumber in symmetry blocks. These are specific to each molecular point group and are in a predetermined order and so the numbering will change for different molecules. Problems arise even for monatomic substituents, where the mass effect may be enough to change the ordering of the vibrations, leading to different Mulliken labels being given to ostensibly the same vibration. To circumvent these issues, we have put forward a consistent method for labelling the ringlocalized vibrational modes of monosubstituted benzenes, 9 where the same vibrational modes have the same unique label, Mi, irrespective of a substituent that is present in the molecule, as seen in our work on toluene. 33, 34 This labelling will be used in the present work for the S0
state. (The motion of the atoms in each mode is presented in Figure 5 of ref. 9.) We shall examine the changes in the vibrational modes upon electronic excitation (a Duschinksy rotation 35 ), and will also examine the vibrations in perdeuterated ClBz via a generalized Duschinksy rotation.
E. Present work
We employ one-colour REMPI spectroscopy to record rotationally-cold, vibrationallyresolved electronic spectra of the S1  S0 transition in ClBz-h5 and ClBz-d5, for each of their 35 Cl and 37 Cl isotopologues. The spectra are assigned using the observed experimental isotopic shifts, employing available previous experimental and theoretical results, and additionally quantum chemical calculations for all of the isotopologues, carried out in the present work. The REMPI spectrum of ClBz-d5 is reported here for the first time and, as with our previous work on FBz, 30 we examine how the vibrations in the perdeuterated isotopologue compare to those of the perhydrogenated molecule. In addition, we highlight the mixing of the vibrational modes that occurs between the S0 and S1 states for each isotopologue. In some cases, comparison between the activity seen in ClBz with that seen in FBz and toluene is insightful.
We shall also examine the vibrations of the ground state cation and assign these with Mi + labels, to be consistent with the S0 and S1 vibrations; particularly the latter are frequently assigned via activity seen in two-colour photoionization techniques, as mentioned above. We shall also discuss the dispersed fluorescence (DF) spectra of ref. 14 in the light of the above discussion, where some anomalies will be highlighted.
II. EXPERIMENT
The third harmonic (355nm) of a neodymium-doped yttrium aluminium garnet laser (Nd:YAG, Surelite III, 10Hz) was used to pump a tuneable dye laser (Sirah Cobra Stretch), operating on Coumarin 503. The fundamental output of the dye laser was frequency doubled by a BBO crystal in order to obtain tuneable UV radiation across the wavenumber region of interest.
ClBz-h5 (Aldrich, 99.8% purity) or ClBz-d5 (Aldrich, 99 atom% D) vapour, each with the naturally-occurring ratio of 35 Cl: 37 Cl, was seeded in ~5 bar of argon carrier gas and the gaseous mixture was passed through a General Valve pulsed nozzle (750 μm, 10 Hz, opening time of 150 μs) to create a free jet expansion, and hence almost all transitions are from the ground state zero-point vibrational level. The focused, frequency-doubled output of the dye laser passed through a vacuum chamber where it perpendicularly intersected the free jet expansion between two biased electrical grids located in the extraction region of a time-offlight spectrometer. After (1+1) ionization occurred, the resulting ions were extracted and detected by a dual microchannel plate (MCP) detector. The signal was passed to an oscilloscope (LeCroy LT342 Waverunner) for monitoring, and a boxcar (SRS SR250) for integration and averaging; the averaged signal was then relayed to a computer for storage and analysis. The timing of the laser pulse relative to the opening time of the pulsed nozzle was controlled using a digital delay generator. The delays were varied to produce optimum conditions to ensure that the coldest part of the beam was probed.
III. COMPUTATIONAL METHODOLOGY
In order to aid in the assignment of the spectra, the vibrational frequencies of each molecule were calculated using the GAUSSIAN 09 software package. 36 Similarly, vibrations in the S1 and D0 + states are compared to those of the respective S0 state, and those of the respective S1 and D0 + states were compared with each other.
IV. RESULTS AND ASSIGNMENTS
A. Overview of the S1← S0 spectra.
The (1+1) REMPI spectra of ClBz-h5 (upright, top trace) and ClBz-d5 (inverted, bottom trace) from 0 -3000 cm -1 are shown in Figure 1 ; only the spectra for the 35 Cl isotopologues are shown. We shall comment on the spectra of the 37 ClBz isotopologues as required, but suffice to say at this point that they are very similar, with generally only small isotopic shifts.
We estimate our relative band positions to be precise to ± 0.5 cm -1 . By simulating the band origin using PGOPHER 38 using the rotational constants reported in ref. 5 , it was possible to compare to the band profile presented in the latter work, and so calibrate the 35 ClBz-h5 spectrum to their band origin of 37048.2 ± 0.2 cm -1 ; this showed that the rotational temperature in the present work was around 5 K. It was then found that the position of the 37 ClBz-h5 origin band was at the same position, within our experimental uncertainty, showing that the S1 origin bands of the 35 Cl and the 37 Cl isotopologues are within 0.2 cm -1 of each other, in agreement with the result of de la Cruz et al. 13 For the ClBz-d5 origin transition, an isotopic blue shift of 167.4 cm -1 is determined from our spectra, which puts the origin at 37215.6 ± 0.5 cm -1 ; this is in reasonable agreement with the band position of 37218.1 cm
reported by Dimicoli and coworkers. 21 The spectra presented in Figure 1 The ClBz-h5 spectrum is in good agreement with previously published work; 11, 12, 14, 24 however, there have been no extensive ClBz-d5 REMPI or LIF spectra published to date to our knowledge. The overall appearance of the ClBz-d5 spectrum is in reasonably good agreement with its non-deuterated analogue (see Figure 1 ) with the observation that the vibrational features in the ClBz-d5 spectrum are generally red shifted compared to those in ClBz-h5; there are, however, a range of differences in detail and these will be discussed below. The H/D isotopic shift of each vibration is clearly mode specific as participation of the hydrogen atoms is different -this will be more clearly seen in expanded spectral views presented later. If particularly large shifts occur, then these can lead to reordering of the vibrations and can also lead to different interactions between vibrations, depending on their proximity, symmetry, and efficiency of coupling.
As noted, although (1+1) REMPI spectra of both 35 Cl and 37 Cl isotopologues of each of ClBz-h5 and ClBz-d5 were recorded, only spectra of ClBz involving 35 Cl will be shown. The vibrational band positions of the 37 Cl isotopologues are given in Tables S1 and S2 of the   Supplementary Material  39 for ClBz-h5 and ClBz-d5, respectively, where the (significantly smaller) isotopic effect owing to the chlorine atom can be observed. We shall occasionally refer to these shifts when discussing the assignment.
In the following, we shall tackle the assignments of the ClBz-h5 and ClBz-d5 spectra simultaneously. Our assignments are aided by previous work on ClBz-h5 as well as the calculated vibrational frequencies, and use will also be made of previously-observed activity in corresponding spectra of FBz and toluene. To simplify the discussion we will separate the assignment into different wavenumber regions. As will be seen, most of the transitions in the region ≲ 1100 cm -1 can be assigned relatively straightforwardly; however, to higher wavenumber, there are regions of congestion, corresponding to progressions built on lowerwavenumber fundamentals, overtones, and combination bands. Hence assignments to higher wavenumber become less certain in the absence of other information (such as DF or ZEKE spectra), and as a consequence we shall only provide assignments for key features, with some discussion of the other spectral features.
B. Calculated vibrational wavenumbers.
As noted above, the vibrations of benzene do not always clearly correspond to a calculated vibrational mode of a substituted benzene molecule unambiguously; as a consequence of this different Wilson labels have been used for the same vibration in different papers. Figure 2 , and the same information is summarized in the last column of 
S1 state
The Duschinsky matrices illustrating how the S1 state vibrations are expressed in terms of the S0 ones, are presented in Figure 4 for both ClBz-h5 and ClBz-d5. between 530 and 600 cm -1 (see below), indicating that geometry changes as a result of the S1
 S0 excitation are similar in both isotopologues. Of course, all other vibrations will have small admixtures of other vibrations of the same symmetry, but will largely resemble their dominant Mi designation.
In Table 3 , we give the calculated TD-DFT B3LYP/aug-cc-pVTZ vibrational wavenumbers for the S1 states of 35 ClBz-h5 and 35 ClBz-d5 (with the values for the 37 Cl isotopologues given in Table 3 -as was the case for the S0 state. We note here the peculiarity of the M14 mode, whose wavenumber was found to be very poorly calculated for FBz using the B3LYP/aug-cc-pVTZ method, 30 and this also seems to be the case here. Thus the assignment of this vibration rests on previous experimental work, previous calculated values using other methods for FBz, 29 and also the fact that there is no other reasonable assignment for the ClBz band associated with M14 2 (see below).
There do not seem to be experimental values available for the S1 state of the other isotopologues.
C. Assignment
Low wavenumber range (0-530cm -1 )
(a) 0 -450 cm -1 Expanded views of the low energy regions of the ClBz-h5 and ClBz-d5 spectra are presented in Figure 5 . In both spectra a strong origin band is observed with weaker features to higher wavenumber. Based on the calculated vibrational wavenumbers, comparison with previous spectra of ClBz and other monosubstituted benzenes, this low-wavenumber region is straightforwardly assigned. Bands at 286.0 cm -1 and 377.4 cm -1 are assigned as transitions to the b2 symmetry fundamental mode, M30, and the a1 fundamental mode, M11, respectively.
There is very good agreement between those experimental fundamentals and our calculated B3LYP wavenumbers (Table 3 ). Additional weaker features are seen, including transitions to two overtone bands, M20 2 and M14 2 , at 247.8 cm -1 and 407.6 cm -1 , respectively, and to a combination band of overall b2 symmetry, M14M20, at 324.4 cm -1 ; a few other small features appear to be hot bands or arise from ClBz-Ar complexes. The M14M20 band was not observed in the FBz spectrum 30 and it is weak in the present work; but as just noted, the overtones of both of its components are seen in both the present work, and this is also the case for FBz. 30 We have commented on the poor agreement between the experimental and the present calculated value for M14 above.
Regarding other studies on ClBz, the present spectrum represents a significant improvement over those previously available. In the absorption spectra of Bist and coworkers, 6, 8 the M30,
M11, M20
2 and M14 2 vibrations were observed, but not the M14M20 combination. The REMPI spectrum from Anderson et al. 11 is not shown below ~ 500 cm -1 and that of Murakami et al. 10 had a break in the spectrum in this wavenumber region, and hence none of the aforementioned four features are visible. The REMPI spectrum by Walter et al. 12, 40 does appear to contain all four of these features, but these are not discussed nor assigned. A similar situation arises in the REMPI spectrum published by Wright et al. 24 where, although only the M30 and M11 features were assigned in this region, the cold spectrum reported in Figure 2 (b)
of that work does actually show all of the cold features assigned here.
The LIF excitation spectrum of Imhof and Kleinermanns 14 only show weak features attributed to the M30 and M11 modes, which were assigned, with DF spectra being recorded via these. These allowed confirmation of the assignment of these vibrations (albeit with a different nomenclature, see Table 1 ); participation of the chlorine atom is clearly different in different vibrational modes and it transpires that the isotope effect is significant for only a few transitions, with the M11 vibration experiencing the biggest shift of 5.0 cm -1 for ClBz-h5.
Of note is that a weak feature ~4 cm -1 to lower wavenumber than the M11 feature was observed, which gave rise to a very similar DF spectrum. 14 Although it was not possible to rule out other possibilities, it was suggested that this weaker feature was due to the M11 vibration of the 37 ClBz-h5 isotopologue and this is confirmed in the present mass-resolved work where the higher wavenumber feature appears in the 35 ClBz spectrum in Figure 5 , while the weaker, lower-wavenumber feature appears only in the spectrum in the 37 ClBz mass channel (not shown, see Tables S1 and S3 .
The ClBz-d5 spectrum of this region (inverted trace, Figure 5) spectroscopic studies, where the spectra suggest that the lower wavenumber component at 520.6 cm -1 has a majority contribution from the M29 ZOS, while the band appearing at 524.2 cm -1 has a majority contribution from the M14M19 ZOS. In the following, we shall refer to this pair of features as M29 FR for conciseness, and have labelled it as such in Figure 5 . This feature appears as an essentially identical doublet in the 37 ClBz-h5 mass channel (not shown), in line with the calculated vibrational wavenumbers, which suggest each feature should move by only ~0.1 cm -1 ; clearly the changes in the FR coupling are small enough not to be discerned at our resolution.
It is notable that this FR is not observed in the ClBz-d5 spectrum (inverted trace, Figure 5 ). Assignments and wavenumbers are given in Tables 4 and 5 for the spectra of ClBz-h5 and ClBz-d5, respectively.
Medium wavenumber range (530 -1120 cm -1 )
The next spectral range to be discussed in detail shows bands arising from transitions to overtones and combinations of vibrations already assigned, as well as new fundamental bands which not only dominate this wavenumber region, but also give rise to overtones and combination bands which are prominent to higher wavenumber. The expanded spectra over this region for ClBz-h5 and ClBz-d5 can be seen in Figure 6 . The assignment shown is based upon both the experimental values for the lower wavenumber fundamentals, discussed above, and in cases where these are not available then we use the calculated frequencies that are given in Table 3 ; in the case of ClBz-h5, previous work has also aided the assignment. To confirm the assignments we also examined the shifts upon deuteration, comparing these to the calculated ones (Table 3) as well as 35 Cl/ 37 Cl isotope shifts (see Tables S1 -S3 of the   Supplementary Material  39 ) when assigning the bands.
(a) 530 -700 cm -1 In previous work, this wavenumber region of the spectrum has been reported, 12, 24 but these spectra were not of very high quality (this spectral range was omitted in the scan of ref. 14).
In the present ClBz-h5 spectrum ( Figure 6 , upper trace) there is a group of bands in the 600 - shortly.
We now consider the similar region of the spectrum of ClBz-d5, which also contains three bands between 530-660 cm -1 , with the third being part of the region labelled  d in Figure 6 (see expanded view in that figure) . Figure 6 , some of which may be in Fermi resonance, for which suggested assignments are given in Table 5 .
There is an interesting set of weak features in the 700-750 cm -1 region for ClBz-d5, and an expanded view of this region is shown in Figure 6 , labelled  d . These have an almost identical appearance and wavenumber in the 35 ClBz-d5 and Figure 6 and Table 5 ; we note that there is no corresponding set of features in ClBz-h5. Such small differences in weak features between the spectra of the isotopologues are likely attributable to small changes in vibrational wavenumbers and transition strengths and hence slightly different Franck-Condon factors (FCFs).
Although weak, the next features of interest are located in the range 850 -910 cm -1 in the ClBz-h5 spectrum -and there are also weak features in the ClBz-d5 spectrum to slightly lower wavenumber. These turn out not to be easy to assign and we give our best attempt at this in Tables 4 and 5 after examining the possible assignments and observed isotopic shifts.
We now move onto the bands at 932.2 and 964.8 cm -1 that are assigned as transitions to the M8 and M9 fundamentals, respectively. Note that the wavenumber ordering of these vibrations in the S1 is reversed from that in the S0 state, as was seen for FBz 30 and toluene. 34 (Note that a few weak features have been attributed to the ClBz-Ar complex, and these have been indicated with "Ar" in Figure 6 .) Transitions involving these vibrations dominate the spectrum recorded for ClBz-h5 in this wavenumber region and these two vibrations, along with M29 FR , make a contribution to many of the combination and overtone transitons that are seen in the higher wavenumber region. 24 and also DF spectra from each of these two levels have been reported by Imhof and Kleinermanns; 14 discussion of these previous studies will be presented later, in Sections D2(b) and D3(b).
We now move onto considering the corresponding region of the spectrum for ClBz-d5. The Next we consider the region of the ClBz-h5 spectrum labelled as  in the top trace of Figure 6 , which has an analogous region in the ClBz-d5, labelled  d ; expanded views of these spectral regions are given in Figure 7 , where both the corresponding 35 Cl and 37 Cl traces are given in each case. The assignment of these regions proves not to be completely straightforward, but is helped significantly by being able to compare the spectra of the four isotopologues and also by analogy with the FBz 28,30 and toluene 34 spectra. From the latter two studies, together with the experimental and calculated vibrational wavenumbers, we would expect to find features corresponding to the M10M11 combination band and the M6 vibration in this region of the spectrum. These have been found to be "bright" in the case of toluene using time-resolved photoelectron spectroscopy in combination with ZEKE spectroscopy, 34 and have also been observed for FBz. 28, 30 These are hence expected to be relatively intense here, but may be in Figure 7) . The assignment of the major contributors to the two most intense bands in this region thus seems relatively secure; as will be noted later, these assignments are also in line with previous ZEKE and REMPI-PES work.
With regards to the other features in this region, we note that the (M29 FR ) 2 37 ClBz-d5 spectrum at about the correct red shift for this vibration (see Figure 7) . We also note that, based on the value of M6 for 35 ClBz-h5 and the calculated isotopic shift upon deuteration, the band at 1032. 
High wavenumber range (1120-3000 cm -1 )
This wavenumber region of the ClBz-h5 and ClBz-d5 spectra becomes much richer in structure, particularly from ~1800 cm -1 onwards. It includes numerous intense features and an increasing number of relatively weak bands -see Figure 1 . In the ClBz-h5 spectrum, it is possible to identify pairs of bands that arise from combinations involving both M8 and M9, and a number of these are labelled in Figure 1 , as well as being included in Table 4 . It is then seen that the same combinations are seen in ClBz-d5 although here only those involving the M9 d vibration are immediately obvious, as these are much more intense than the M8 d ones, in line with the observed intensities for the fundamentals (see above, and Figure 6 ).
In the ClBz-h5 spectrum there are a number of weak features from ~1120-1400 cm -1 which are not straightforward to assign. It is possible to come up with likely assignments for the more-intense bands, based on expected wavenumber and isotopic shifts: as an example, we note that the features between 1200-1260 cm -1 are expected to include contributions from M8M30 and M9M30, and the 35/37 Cl shifts of ~ 2 cm -1 are consistent with these assignments.
Clearly, however, there are many other weaker contributions in this region, but a comprehensive assignment of these is largely a thankless task.
Some features are quite striking; for example, the pair of features between 1450-1500 cm These main features do not demonstrate a significant 35/37 Cl shift (as expected for the suggested assignments), but there are other bands here that do, and so clearly there are more contributions here than those highlighted. We have indicated some of the more secure assignments in Figure 1 and in Table 4 for 35 ClBz, with the 37 ClBz analogues in Table S1 . As we move up in wavenumber, the prominent bands become surrounded by weaker and congested features, suggesting complex Fermi resonances.
When we look at the ClBz-d5 spectrum, it is less straightforward to pick out features since the Figure 1 , as well as in Table 5 for 35 ClBz-d5, with the 37 ClBz-d5 analogues in Table S2 .
D. Discussion of previous photoionization and DF studies
We shall now discuss previous DF and photoionization studies, with the latter falling into conventional HeI photoelectron spectroscopy, REMPI-PES, ZEKE and MATI studies. For the photoionization studies, it will be necessary to discuss vibrations of the cation and so we comment on their labelling first.
Vibrational Labelling for ClBz-h5 +
First of all, we note that the Duschinsky matrix (see Figure 8a) 
Previous resonant photoionization work on ClBz-h5
We first discuss the previous multiphoton photoionization studies in the light of the assignments above, which will also provide insight into the labelling of the cation vibrations.
We break the discussion into wavenumber regions, or sets of features, of the S1 state. We shall then consider the two one-photon studies. Anderson et al. 11 recorded REMPI-PES spectra via the S1 origin, M30, M11 and M29 levels.
Because of the low resolution, it is not always clear which vibrations they observed via these different levels, and it is also not clear which of the M29 FR components they excited. Hence, in Table 6 we emphasise the wavenumbers and assignments from the more reliable ZEKE 24 and MATI 26 spectra, which mostly concur with the REMPI-PES results of Asselin et al. 21 We also note that Asselin et al. 21 recorded REMPI-PES spectra of ClBz-d5 through the S1 origin and M11 d levels, leading to the observation of progressions of 413 cm -1 , assigned to
M11 d+
, which is in good agreement with the calculated value obtained here (Table 6 ). Also a combination band at 1171 cm -1 was tentatively assigned as involving the M11 d+ vibration, which would allow another a1 fundamental vibration of ~760 cm -1 to be derived, our best suggestion for this vibration would be M8 d+ (Table 6 ).
(b) M8 and M9 bands
Care is required when discussing the vibrations in ClBz-h5 that give rise to the two features at 932.2 and 964.8 cm -1 in the REMPI spectrum because of their mixed nature (see above).
These vibrations have switched order from that in the S0 state -a phenomenon also seen for FBz. 28, 30 It thus needs to be noted that in the ZEKE study 24 the Mulliken ordering in the S1
state gives an incorrect association of the labels, based on the dominant vibrational motion, compared to that in the S0 state; in the following we shall use the Mi labels. In the ZEKE study, the identity of the intermediate ~965 (Figure 8b ), which suggests that these vibrations are of very similar forms in the S1 and D0 + states. Based on the ZEKE intensities, we might expect M9 + to have a motion very similar to that of M9 in the S1 state, and M8 + to be a mix of the S1 M8 and M9 motions (i.e. a similar situation as that between the S0 and S1 states); so, either the present calculations are misleading, or another explanation will need to be found for the observed behaviour. So, for example, if these states did mix to some extent during the D0 +  S1 ionization and if the M9 vibration has a significantly higher photoionization cross section than does the M8 vibration, then this could go some way to explaining the observed spectra.
The observation of M5 + in the ZEKE spectrum 24 when exciting through M9 is interesting, although we note that the motions of these vibrations are quite similar; 9 as a consequence, this can be rationalized via the geometry change upon ionization. Lembach and Brutschy 26 did not excite via these levels in their MATI study, but Asselin et al. 21 and Walter et al. 12 did, but the resolution was not sufficient to observe the closely-spaced bands noted above.
(c) Region 
We have discussed the assignment of Region  in the ClBz-h5 REMPI spectrum (see Figures   6 and 7 M10M11 vibrations appear to be in FR in the S1 state (as well as possibly in the cation) and it is interesting to note that the M6 and M10M11 vibrations are also in Fermi resonance in the S1
state of FBz 28 and also in toluene-h8. 34 These observations led to some uncertainty in deciding on the assignment of these ZEKE features, although the assignment of the S1 state features was consistent with that here; namely, the 1042 cm -1 band was M10M11 (with likely contributions from (M29  FR ) 2 components, and the 1066 cm feature was 7 (we recall that we have noted previously 9 and above, that the wavenumber ordering of the M6 and M7 modes in ClBz are switched compared to FBz; hence, the 7 designation in ref. 24 is actually M6). Indeed in the text of ref.
24 the impression is given that the 1147 cm -1 ZEKE band is assigned to M6 + , and this is consistent with Figure 8a in that work, while in Table III The above suggests that the ZEKE intensities in ref. 24 are not immediately representative of the originating resonant level (as was commented on for ZEKE spectra via M8 and M9 above), and suggests other factors may be at play, such as wavenumber-dependent photoionization cross sections, or other photophysical processes.
The ZEKE spectrum recorded through the 1042 cm -1 band 24 also exhibited bands due to (M29 2 ) + and (M14M19M29) + , confirming that this consists of a number of overlapped features, which were excited simultaneously and/or are in Fermi resonance, noting that weak features attributable to (M29 2 ) + and (M14M19M29) + also seem to appear in the ZEKE spectrum excited via the 1066.0 cm -1 level. It would be interesting to record ZEKE spectra at various points through Region  and to try and disentangle the contributions; also of interest would be picosecond time-resolved photoelectron spectra. Corresponding experiments on ClBz-d5 across the  d region would also be useful.
Lastly, we note that in the two-photon excitation REMPI studies by Murakami et al. 10 the spectrum is dominated by a feature at 1564 cm -1 , which is assigned to Wilson mode 14 therein. Interestingly, this mode does not appear with any great intensity in the present onephoton excitation spectrum (the agreement between the wavenumber of observed features in ref. 10 and here is such that the 1564 cm -1 feature is none of those noted in Table 4 ). This differing intensity lies in one-and two-photon transition strengths, as discussed in refs 10 and 41. According to previous work (see Table 1 ), this mode should be M25 or M26, with the description of the mode as 10 a "Kekulé-type bond alternating C-C stretching vibration"
suggesting M25 (see Fig. 5 of ref. 9 ). The experimental wavenumber does not compare well with any of the calculated wavenumbers (Table 3) , however.
(d) One-photon photoionization studies
In 2002, Kwon et al. 25 recorded a one-photon MATI spectrum of ClBz-h5, for both 35 Cl and 37 Cl isotopologues. Their wavenumbers for the various Mi + vibrations are given in Table 6 , and these are mostly in very good agreement with previous work. values, but these were very weak and so possibly misassigned; these have been included in Table 6 , but we have indicated our qualms regarding these values. It is worthwhile comparing these one-colour MATI spectra to the older, conventional HeI PES spectra of Potts et al. 
Previous dispersed fluorescence work on ClBz-h5 (a) Low wavenumber region
Imhof and Kleinermanns 14 have recorded a range of DF spectra of ClBz from various S1
vibrational levels that correspond to those discussed herein, and from which ZEKE spectra have been recorded. In each case, the assignment of the S1 vibrational level should be evident from the vibrational structure seen for the S0 state from DF spectroscopy, and will now be discussed. As we will show below, although the DF spectra recorded from low wavenumber features in the S1 state of ClBz-h5 are largely consistent with the assignments from the photoionization studies and those discussed above, those from higher wavenumber features are not.
First we note that DF spectra recorded via the origin largely show activity in S0 a1 vibrations, with the most intense band arising from the M9 vibration, in agreement with the DF spectrum of FBz via the origin. 28 Also seen is the b2 mode, M29, which was also observed, although much more weakly than in the DF spectra of FBz. 28 When dispersing from the M30 band, the v = 0 propensity rule is obeyed and an intense band corresponding to the ClBz ground state M30 vibration is also seen, confirming the assignment, and in agreement with the observations in the ZEKE spectrum. 24 DF spectra were also recorded via two bands at 384 and 380 cm -1 , which were extremely similar, and assignments were made to the 35 ClBz-h5 and 37 ClBz-h5 S1
M11 modes (recalling that this mode is particularly sensitive to the mass of the chlorine atom). are incorrect since these are of different symmetry. The overall conclusion was that the lower wavenumber band was assignable to M9, but only on the basis that this was the assignment put forward in the ZEKE paper 24 (note the switch in wavenumber ordering of the M8 and M9, not accounted for in ref. 24 , discussed above); in fact, the M9 fundamental was not seen in the DF spectrum, although a feature assigned to the M12M28 transition (b2 symmetry) was observed. In fact, assignments were made of intense features that included those of both b2
and a1 symmetry, which is unusual. The 964 cm -1 band was assigned in ref. 14 to the b2 symmetry band, M28, although previous studies had established this at 1068 cm -1 .
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To gain more insight we compare with the DF spectra of FBz by Butler et al. 28 who also dispersed the fluorescence from equivalent levels. Looking at the DF spectrum for FBz when exciting M9, strong bands corresponding to the M9, M9 2 and M9 M10 transitions were seen, as well as the M10 fundamental and many higher wavenumber features. To be consistent with the assignment of the 966 cm -1 band to M9, then the DF for ClBz-h5 should show bands at 1006 and 2012 cm -1 , which are not seen. Although we initially considered that there had been a misassignment of the ClBz DF spectrum in ref. 14, the wavenumbers of the observed features do appear to be consistent with the assignments offered. A possible explanation for this conundrum lies in the fact that the S1 states of the halobenzenes undergo rapid predissociation (leading to breaking of the carbon-halogen bond) via intersystem crossing to a repulsive region of a triplet n* state 42 and this becomes more marked as the atomic number of the halogen atom increases, owing to the crossing point becoming increasingly closer to the minimum along the carbon-halogen bond. We note that Deguchi et al. 43 have measured the lifetime of the origin of the S1 state using a picosecond laser as 520 ps; furthermore, we note that Liu et al. 44 have undertaken an ultrafast dynamics study of ClBz, exciting to the S1 state at a wavenumber of ~ 37495 cm -1 using a femtosecond laser which was centred roughly on M29, but with a width of ~ 550 cm -1 . Here, the lifetime of these levels was measured as having two components of 152±3 fs and 749±21 ps. In these latter two experiments, 43 ,44 the population of the S1 state was monitored via photoionization. It can be expected for the lifetimes to shorten at higher wavenumbers; as such, reliable DF spectra will be difficult to obtain, with population being rapidly lost and/or transferred to different levels. Lifetimes are also expected to shorten with increasing mass of the halogen because of intersystem crossing (ISC) and predissociation noted above; indeed, no LIF or REMPI spectrum has ever been reported for iodobenzene, attributed to this short lifetime, 11, 45 caused by internal conversion (IC) to a repulsive region of a singlet n* state (in contrast to ISC for the other monohalobenzenes); 42 however, it was possible for Kwon et al. 25 to record a one-colour MATI spectrum of iodobenzene, since here the predissociating S1 state is bypassed.
We also note that in the laser-induced fluorescence spectrum of Imhof and Kleinermanns, 14 the intensity of the M8 and M9 and higher-wavenumber bands are apparently much weaker than they are in the present REMPI spectrum, suggesting the short lifetime of the state is a reasonable explanation for the above observations. The reason this lifetime effect is not evident in our spectra is that REMPI spectroscopy relies on ionization, which is extremely rapid and hence is far less susceptible to such effects; 45 in contrast, fluorescence spectroscopies require the excited state to exist long enough to emit a photon. This being the case, then the emission from these energy levels is likely not purely due to the initial excited vibrational level in the S1 state, but rather to what remains of this, plus any emitting levels to which the population has transferred. It is worth noting that Bass and Sponer 15 commented that they did not detect any phosphorescence in their experiments, consistent with predissociation being the likely mechanism for the loss of signal.
Similar comments apply to the band at 932.2 cm -1 , which is assigned as M8 in the present work, and observed in the REMPI-PES 12, 21 and ZEKE 24 studies. It is less straightforward to compare the DF spectrum from this band with that of FBz, as it has been shown that in FBz the M8 mode is in Fermi resonance with the M15M20 combination band; 28 however, the structure seen via the Fermi resonance component that has the major contribution from the M8 vibration, displays the fundamental and overtone of this vibration. We also note that the shift in the S0 wavenumber between FBz and ClBz is small for these vibrations, and so similar structure involving these modes is expected. Thus, again we think this level is affected by population loss/transfer in ClBz.
(c) M10M11/M6
We now turn to the DF spectra 14 from the two features at 1043.0 and 1066.0 cm -1 (reported at 1045 and 1068 cm -1 in that work). It transpires that these are also not straightforward to understand in terms of the expected activity of the excited S1 vibrational state. As above, we note that a large number of intense features are assigned, which are associated with vibrations of both a1 and b2 symmetry. We additionally note that, except for the M10M11 band, which is seen via the 1066.0 cm -1 level, the assignment of the bands is not consistent with the ZEKE spectrum, nor expectations based on previous work on FBz 28 and toluene. 34 As with the DF spectra at 932.2 and 964.8 cm -1 we are of the opinion that these higher levels are affected by state crossings and as a consequence the DF spectrum is not (solely) representative of the initially excited level.
CONCLUDING REMARKS
In this work we have presented electronic spectra of the S1 ← S0 transition of four isotopologues of ClBz up to ~3000 cm -1 , using REMPI spectroscopy. On the other hand, the lower wavenumber region is consistent with the present work as well as to similar DF spectra for FBz from Butler et al. 28 We rationalize the discrepant higher wavenumber assignments by noting that ClBz undergoes very rapid predissociation and it is expected that the rate for this will increase with energy above the zero-point level. As indicated, expanded views are shown of three sections of the ClBz-d5 spectrum.
Assignments are discussed in the text and summarized in Tables 4 and 5 ; suggested assignments for some of the weaker features are also given in these tables. Some weak bands, 
